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ABSTRACT 
Surface modifications of cylinders using fillets are investigated with respect to flow structures in a cross flow to a 
cylinder. Three cylinders are used: a plain cylinder, a cylinder with a helical fillet and a cylinder with a helical 
staggered pattern of small fillets in tangential direction. The flow field in the wake region is measured with Particle 
Image Velocimetry (PIV) in both a plane normal to the cylinder and a plane in the wake shear layer perpendicular to 
the free stream direction. Three different Reynolds numbers in the range from 50000 to 120000 are used. The helical 
fillet modifies the wake to be more narrow and longer and with less turbulent kinetic energy in the wake. The 
staggered fillet modifies the shear layers forming at the sides of the cylinder to contain three-dimensional structures. 
This reduces vortex shedding significantly resulting in even less turbulent kinetic in the wake. Proper Orthogonal 
Decomposition (POD) is shown to be an effective method for describing three-dimensional time varying flow 
structures using non-time-resolving planar measurements. 
 
 
1. Introduction 
Surface modification is an effective method of manipulating the flow past a circular cylinder in 
order to reduce vibrations caused by vortex shedding in the wake behind the cylinder 
(Zdravkovich, 1981). The present study looks at models of bridge cables with different concave 
fillet geometries illustrated in figure 1: A plain (smooth) cylinder, a helical fillet and helically 
staggered fillets. Both types of fillet have a concave shape. The fillet geometries were developed 
by Kleissl and Georgakis (2012) and have been shown in earlier studies by Burlina et al (2018) to 
reduce drag and vibrations induced by variations in lift force. A helical fillet on a cylinder is a 
traditional modification, but is in the present implementation based on a new idea for the fillet  
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Fig. 1 Fillet shapes for the three cylinders  
cross section. The helically staggered fillet is a novel idea for distribution of fillets.  The geometries 
have been developed to also perform well in rain conditions where water on the surface create 
additional surface modifications (rain rivulets). However, the present study only use dry 
conditions and aim to investigate the large scale coherent flow structures in the wake to explain 
the differences in drag and lift forces. The study is also testing how measurements with standard 
non-time-resolved Particle Image Velocimetry (PIV) combined with Proper Orthogonal 
Decomposition (POD) can capture the flow structures that are inherently unsteady and three-
dimensional. 
 
2. Experimental setup 
 
The experiments are made in a wind tunnel with test section cross section of 303 mm by 303 mm. 
The test cylinders all have diameter of 𝐷	 = 	53 mm. The helical fillet has a 45° pitch angle and a 
spiral distance of 𝑎	 = 	83.7mm, and a fillet height of ℎ	 = 	1.4 mm (ℎ/𝐷	 = 	0.027). The staggered 
fillets are arranged laterally in a staggered helical pattern with a pitch angle of 30°, spacing 
between the fillets of 20 mm, and with a fillet height of ℎ	 = 	2.1mm (ℎ/𝐷	 = 	0.043). The 
experiments use three different free stream speed of 𝑈1 = 15	m/s, 𝑈1 = 25	m/s and 𝑈1 = 35	m/s. 
This corresponds to Reynolds number Re varying from 5.1∙104 to 1.2∙105 based on free stream 
velocity and cylinder diameter. This is in the subcritical range (20-40k < Re < 300-400k). The 
relative large diameter gives a significant blockage ratio in the wind tunnel of 17%. This is large 
enough to have some influence on the size of the wake and on the critical Reynolds number for 
transition into a fully turbulent wake. However, it is assumed that the qualitative flow behavior is 
not changed at the Reynolds numbers used. 
 
   
 
Fig. 2  Experimental set op for plane perpendicular to the cylinder (left) and plane perpendicular 
to the free stream direction (right).   
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The PIV measurements are made with a system from Dantec Dynamics with two Hisense II 
cameras (1344x1024 pixels), a 200 mJ Nd:YAG laser and processing with Dynamics Studio version 
2015a. Two different measurement planes placed in the wake are illustrated in figure 2: A plane 
perpendicular to the cylinder axis where two-component measurements are made with a single 
camera and a plane perpendicular to the free stream flow direction where three-component 
(stereoscopic) measurements are made with two cameras.  
 
3. Proper Orthogonal Decomposition 
 
The velocity measurements are analyzed with Proper Orthogonal Decomposition (POD) using the 
same method as applied in Meyer et al (2007). In each data series, the mean velocity field is 
subtracted from each snapshot of the velocity field to find the fluctuating part for each snapshot 𝒖6. The POD modes 𝝓8 represent the eigenvectors to a matrix with all possible two-point 
correlations. The modes are ordered after the size of the eigenvalues in decreasing order since the 
eigenvalues can be show to represent the kinetic energy associated to each mode. A snapshot can 
be expanded in a series of POD modes using expansions coefficients 𝑎8 for each POD mode 𝑖. The 
coefficients for specific snapshot 𝑛 are found by projecting the fluctuating part of the velocity field 
from that snapshot onto the POD mode: 𝑎8 = 𝝓8;𝒖6                (1) 
 
A snapshot can then often be reconstructed satisfactorily using only the 𝑁 first (most energetic) 
POD modes as: 𝒖6 = ∑ 𝑎8𝝓8>8?@                (2) 
 
4. Results from plane perpendicular to cylinder 
 
Figure 3 shows the mean velocity field and the three first POD modes for the plain cylinder. Each 
column represents a Reynolds number (free stream velocity). In the plots, only every third velocity 
vector is shown in each direction. The same series of plots are shown in the next two figures for 
the helical fillet cylinder (figure 4) and for the staggered fillet cylinder (figure 5). Figure 6 shows 
for all cases the turbulent kinetic energy estimated as 𝑘 = 0.75(𝑢DEEE + 𝑣DEEE), where 𝑢 and 𝑣 are the 
local fluctuating velocity components in the 𝑥 and 𝑦 direction, respectively. For the plain cylinder 
(figure 3), the mean field shows as expected a recirculation zone in the cylinder wake with a length 
of about 1.2D behind the cylinder axis. The two first POD modes represent nearly 60% of the total 
kinetic energy of the velocity fluctuations and both show vortex-like patterns that on mode 2 is 
displaced downstream compared to mode 1. When added to the mean field (multiplied by  
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Fig. 3 Flow and POD modes for the plain cylinder at three Reynolds numbers 
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Fig. 4 Flow and POD modes for the helical fillet cylinder at three Reynolds numbers 
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Fig. 5 Flow and POD modes for the staggered filleted cylinder at three Reynolds numbers 
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   Fig. 6 Turbulent kinetic energy k for plain cylinder (upper row), cylinder with helical fillet 
(middle row) and cylinder with staggered fillet (lower row). Each column represent a Reynolds 
number. 
 
corresponding reconstruction coefficients) the two modes reconstruct the classical von Karman 
vortex street behind the cylinder. The third and higher order POD modes have much lower energy 
and represent small modifications to the general flow pattern, perhaps related to three-
dimensional variation. It is interesting to note that mean flow and POD modes are almost identical 
between the three Reynolds numbers. This is also observed in figure 6, where the normalized 
kinetic energy is almost constant between the different Reynolds numbers and is concentrated in 
the middle of the wake. It is mostly caused by the vortex shedding and not local turbulence. The 
independence of Reynolds number agrees well with the fact that all measurements are in the 
subcritical region. 
 
The cylinder with the helical fillet (figure 4) show similar flow patterns. For the lowest Reynolds 
number, the mean flow and the two first POD modes are quite similar to the plain cylinder with a 
slight tendency for the wake to be longer and more narrow. This tendency grows significantly with 
increasing Reynolds number. The turbulent kinetic energy (figure 6) is lower for the helical fillet 
case compared to the plain cylinder and the normalized kinetic energy decreases with increasing 
Reynolds number. The relative energy for the first POD modes for the lowest Reynolds number is 
a bit higher for the helical fillet cylinder compared to the plain cylinder. This could be explained 
by the fact the slightly longer wake means that first mode involves a larger part of the vortex 
shedding for the helical fillet cylinder. However, increasing the Reynolds number decreases the 
relative energy of the first POD modes for the helical cylinder. This could be caused by the wake 
being more narrow, but also by the vortex shedding being a less dominant part of the total flow 
pattern. Overall, this suggests that the helical fillet make vortex shedding move to a more 
downstream position and by this reduces its influence on the forces on the cylinder. 
 
The cylinder with the staggered fillet (figure 5) shows a different flow pattern. The wake starts out 
being significantly longer and wider at the low Reynolds number and then reduces in size with 
increasing Reynolds number. The turbulent kinetic energy (figure 6) is significantly lower for this 
flow case and takes the largest values in the shear layers at the sides of the wake. The first POD 
mode (figure 5) is different from the two previous cylinders. For the two lower Reynolds numbers 
the first POD modes shows a large region almost coinciding with the wake with a velocity 
fluctuation pointing in downstream direction. This suggests a general change to the size and 
position of the wake. For highest Reynolds number, the first POD modes has the same type of 
velocity fluctuation, but located asymmetrically with only fluctuation for negative y-values. The 
second POD modes for this Reynolds number is almost a mirror image of the first POD mode 
along the x-axis. This suggest that an asymmetrical flow can occur. POD modes 2 and 3 for the two 
lower Reynolds numbers are quite similar to the two first POD modes for the previous cylinders. 
This is also true for POD mode 3 for the highest Reynolds number for the staggered fillet cylinder. 
This suggest that vortex shedding still plays a role for the staggered fillet cylinder, but that it is 
less dominant.  
 
It is interesting to investigate the asymmetrical POD mode 1 and 2 for the staggered fillet cylinder 
at the highest Reynolds number (figure 5). In figure 7, the two first expansions coefficients, see 
equation (1), for each snapshot are plotted as a function of time 𝑡. For this case, more than a 
hundred vortex sheddings would normally occur every second. It is clear from figure 7 that some 
flow variation with a much longer time scale (more than 10 seconds) sometimes occur. Near	𝑡 =20	s a period is seen where both coefficients are positive with equal values while near 𝑡 = 80	s a 
period is seen where the coefficients take opposite sign. In the first case the sum of the two first 
POD modes would be similar to the first POD modes found at the lower Reynolds numbers, but 
the case with coefficients of opposite sign, the reconstructed flow would be strongly asymmetrical 
for a significant amount of time. This suggest that the flow for the cylinder with the staggered fillet 
is more complex and has phenomena with much longer time scales. 
 
Fig. 7 Expansion coefficients a1 an a2 for flow for the staggered fillet cylinder at Re= 1.2·105. 
 
5. Results from plane perpendicular to free stream direction 
 
Figure 8 shows measurements in a plane perpendicular to the free stream directions measured 
with stereoscopic PIV, i.e. with all three velocity components. The plane is located in the shear 
layer just downstream of the cylinder. Only every third vector is shown in each direction. For the 
plain cylinder, we see a quite sharp change in the velocity at 𝑦 𝐷⁄ = 0.5. This is at the border betwee 
wake and free stream. As expected for a two-dimensional flow, there is no variation in the z-
direction. For the helical fillet cylinder, the picture is nearly the same except for a region at the spot 
where a fillet passes the side of the cylinder. Here, the free stream high velocity penetrates locally 
into the wake region. For the staggered fillet cylinder, the edge between wake and free 
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Fig. 8 Mean field for the plane perpendicular to the free stream direction at a distance of 0.59D 
from the cylinder center. Color shown out-of-plane velocity component divided by free stream 
velocity.   
 
stream is more blurred and has more variation in the z-direction. This reflects that there are more 
fillets at the side of the cylinder. 
 
Figure 9 shows the POD modes for the plane perpendicular to the free stream direction. For the 
plain cylinder, the two first modes has, as expected, no significant variation in the z-direction and 
has a strong response in a region near 𝑦 𝐷⁄ = 0.5, i.e. between wake and free stream. The first POD 
mode takes only positive values in the out-of-plane direction while the second POD modes takes 
negative values  near 𝑦 𝐷⁄ = 0.5, but positive out-of-plane values elsewhere. These two modes 
describe the trace of the vortex shedding in this plane and the two modes together represent 44% 
of the energy of the fluctuation. The third POD modes represents much less energy (3%) and shows 
variation in the z-direction indicating three-dimensional variation to the two-dimensional vortex 
shedding.  
 
For the helical fillet cylinder, POD mode 1 and 3 are similar to the plain cylinder's mode 1 and 2, 
but with local changes near the “wake” from the fillet. POD mode 2 shows a local change in the 
wake of the fillet. Mode 4 and the next few modes (not shown) all describe interaction between 
the fillet and the wake region like mode 2, but with increasing complexity. Mode 1 and 3 indicate 
that the vortex shedding is still the most important flow structure, but the POD analysis indicate 
that it has strong local interaction with the fillet in a complex way and not as a simple modification 
of the vortex shedding.   
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Fig. 9 Three first POD modes the plane perpendicular to the free stream direction at a distance of 
0.59D from the cylinder center. Percentage at upper right corner indicate relative energy for each 
mode. Color show the out-of-plane component, where red is positive and blue is negativ.  
 
 
For the staggered fillet cylinder, all POD modes have three-dimensional variation in the region 
between wake and free stream (near 𝑦 𝐷⁄ = 0.5). For mode 1, the variations have a wave-like 
variation in the cylinder axis direction along the edge of the wake with a “wavelength” (distance 
that include both a positive or negative modification of the meanflow) of two times the pitch of 
the staggered fillet pattern. Mode 3 has a similar variation, but now with a “wavelength” of one 
time the staggered fillet pattern pitch. Mode 2 has a pattern that could represent a wavelength of 
four times the staggered fillet pattern pitch. This POD analysis is turning into a Fourier series and 
this suggests that the flow is more chaotic and three dimensional in the shear layer at the sides of 
the cylinder. 
 
6. Conclusions 
 
The measurements presented in this paper demonstrate how non-time-resolved PIV 
measurements in a few planes can give useful insight into the flow dynamics of a turbulent flow 
with large flow structures and investigate surface modification that affect the flow structures. The 
POD analysis is an effective method of giving statistical description of the flow structures. The 
results for the cylinder flow shows that the "traditional" modification with a helical fillet does not 
fundamentally change the flow dynamics, but does change the wake and the vortex shedding to 
occur in more long and narrow wake. This reduces the kinetic energy going into the vortex 
shedding. The staggered fillet pattern clearly modifies the shear layers formed at the sides of the 
cylinder to contain three-dimensional structures. This is likely to reduce drag and lift force 
variations. 
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